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Abstract: Neuroinflammation is considered to be a significant component in a range of neuropatholo-
gies. Unfortunately, whilst its role is well recognised, the options for therapeutic intervention are
limited. As such, there is a need to identify novel targets in order to increase treatment options. Given
its role as both a neurotransmitter and an immune modulator, substance P (SP) and its NK1 receptor
(NK1R) have been widely studied as a potential therapeutic target. There is evidence that NK1R
antagonists may exert beneficial effects in a range of conditions, including traumatic brain injury
and stroke. Blocking the NK1R has been shown to reduce blood–brain barrier dysfunction, reduce
cerebral oedema, and reduce the levels of pro-inflammatory cytokines. These actions are associated
with improved survival and functional outcomes. The NK1R has also been shown to be involved
in the inflammatory reaction to CNS infection, and hence antagonists may have some benefit in
reducing infection-driven inflammation. However, the NK1R may also play a role in the host immune
response to infection, and so here, the potential beneficial and detrimental effects need to be carefully
balanced. The purpose of this review is to provide a summary of evidence for the involvement of the
NK1R in acute CNS inflammation, particularly in the context of traumatic brain injury and stroke.
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1. Introduction

A major advance in our understanding of central nervous system disorders has been
the recognition that inflammation plays a significant role in many acute and chronic condi-
tions. The role of inflammation is clearly seen in relation to acute traumatic and ischaemic
insults, as well as infection. However, it is also an important factor in the development of
many chronic and neurodegenerative conditions, including multiple sclerosis, epilepsy,
Alzheimer’s, and Parkinson’s disease [1]. Collectively, neuroinflammatory conditions
represent a major healthcare challenge, both in terms of their social and economic impact.
Unfortunately, the common anti-inflammatory agents, namely steroids and non-steroidal
anti-inflammatory drugs (NSAIDs), as well as the newer immunosuppressive therapies,
may have limited efficacy in managing this inflammation, or potentially significant side
effects, or both [2–5]. Hence, there is a need to develop novel, targeted, and more effective
anti-inflammatory or immune-modulatory therapies that may help manage these signif-
icant and prevalent conditions [6,7]. Given the role that substance P (SP) and the NK1
receptor (NK1R) appear to play in neurogenic inflammation in peripheral tissues, there has
been an interest in seeing whether the NK1R may represent a novel target to manage acute
neuroinflammatory responses in the CNS [8,9].

The neuropeptide SP, a member of the tachykinin family of peptides, and its preferred
receptor, the NK1R, are widely distributed throughout the body and exhibit a wide range of
biological activities [10]. The NK1R is a seven-transmembrane domain G-protein coupled
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receptor (GPCR). Depending on the cell location, the effects of NK1R stimulation range
from causing smooth muscle contraction, and increasing vascular permeability, to influenc-
ing learning, memory, and mood [10]. That wide range of biological responses associated
with NK1R activation reflects the tissue-specific differences in the signal transduction
pathways through which receptor signals. The NK1R may activate the phospholipase C
(PLC) pathway, increasing the concentration of intracellular free Ca2+ ions and activating
protein kinase C (PKC). The NK1R may also activate adenylyl cyclase (AC), leading to the
formation of cAMP, and activation of protein kinase A (PKA). In addition, the receptor
may activate phospholipase A2, liberating arachidonic acid, and leading to the production
of prostaglandins, leukotrienes, and thromboxane. In terms of inflammation, activation
of the PLC pathway leads to phosphorylation of PKC. Phosphorylated PKC in turn can
activate members of the mitogen-activated protein kinase (MAPK) cascade, including the
extracellular signal-regulated kinases 1/2 and p38 MAPK, thereby activating the transcrip-
tion factor, nuclear factor-κB (NFκB), leading to the production of key pro-inflammatory
cytokines [10,11].

GPCRs, like the NK1R, primarily function as cell surface receptors, responding to
extracellular signals. However, following activation, they combine with β-arrestins, which
terminates cell surface signaling and helps convey the ligand-receptor complex to endo-
somes. This receptor internalisation was once merely considered a mechanism for GPCR
trafficking, but it is now recognised that endosomes are also a vital site of cell signaling [12].
The β-arrestins can act as signaling scaffolds for many pathways, including the MAPK
pathway [10]. There is evidence that SP-NK1R signaling from endosomes can induce
sustained excitation of spinal neurons, potentiating pain transmission [13].

In relation to NK1R signaling, it is also recognised that there are two naturally occur-
ring isoforms of the NK1R, a full-length isoform consisting of 407 amino acid (AA) residues,
and a truncated one comprising only 311 AA residues. Critically, those 96 AAs form the
normal C-terminus of the receptor [14]. Given the role of the C-terminus in GPCR coupling
to effector mechanisms, the two isoforms are functionally distinct. Although the SP binding
site is identical in both isoforms, the full-length form has a higher affinity binding for
SP [15]. In terms of effector coupling, cells expressing the full-length NK1R will activate
NF-κB and increase IL-8 expression, while cells expressing the truncated isoform do not
activate NF-κB, and decreased IL-8 expression is seen [14]. The truncated NK1R also lacks
the phosphorylation sites that are necessary for high-affinity β-arrestin binding, impacting
receptor internalisation and endosomal signaling. These differences may have implications
for NK1R signaling in pathological situations where upregulation of the truncated receptor
has been observed [16].

2. Inflammation in the Central Nervous System

Both naturally, and clinically, there is a need to maintain the beneficial aspects of
inflammation (e.g., defense against pathogens, tissue healing, etc.) while at the same time,
limiting the detrimental aspects (i.e., tissue injury, chronic inflammation) [17–19]. Balancing
these opposing effects of inflammation within the CNS is even more critical than in the
periphery. As in the periphery, uncontrolled activation of CNS inflammatory responses
can progress to detrimental, chronic inflammation. With traumatic brain injury, stroke, and
infection, excessive acute inflammatory responses are known to contribute to secondary
injury processes such as cerebral oedema and raised intracranial pressure [3,20]. In addi-
tion, there is growing evidence to suggest that excessive neuroinflammation associated
with these acute events can play an active role in the progression of neurodegenerative
conditions, such as Alzheimer’s and Parkinson’s disease. Hence, there may be clinical
value in being able to ameliorate acute CNS inflammation [21–24].

In terms of immune and inflammatory responses, the CNS was historically viewed as
being immunoprivileged, with the notion that it was shielded from the peripheral immune
system by the blood–brain barrier (BBB) [21]. Allied to that, within the CNS glial cells were
known to provide dedicated immune function, engaging in inflammatory responses that
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serve to defend the CNS against pathogens, as well as aid in its recovery from insult and
injury. However, by nature, the immune response provided by the resident glial cells is
an innate response. In contrast to the periphery, in the healthy state, there is no dendritic
cell-like activity to prime T cells and mount an adaptive response [25].

In terms of glial immune function, microglia are a key component in the capacity of the
CNS to mount an acute immune response [26,27]. As the most motile cells in the CNS, they
are active in immune surveillance and, along with perivascular macrophages, represent the
phagocytic cells of the CNS [27–29]. Glial cells express a broad range of pattern recognition
receptors (PRRs), including Toll-like receptors (TLRs) and receptors for advanced glycation
end-products (RAGE). These receptors enable the detection of both infection (pathogen-
associated molecular patterns (PAMPs)) and tissue trauma (damage-associated molecular
patterns (DAMPs)) [25,28,30]. Astrocytes, the most numerous cell type in the CNS, play
a key role in maintaining homeostatic balance in the brain, including BBB function [31].
However, they also express TLRs, and when activated, express a range of pro-inflammatory
mediators through the activation of NFκB [25,32]. Crosstalk between astrocytes and mi-
croglia may also be an important aspect of regulating inflammatory responses [33]. The
initial innate immune response mediated by the glial cells contributes to the acute inflam-
matory response [27] and, as in the periphery, that acute inflammatory response is primarily
protective. Following activation, microglia may exhibit pro-inflammatory characteristics,
but can then subsequently revert to an anti-inflammatory state, enabling repair and res-
olution [26,34,35]. However, severe insults, as may occur with strokes or TBI, can result
in a neuroinflammatory response that is chronic and progressive [26]. In such situations,
the microglia, rather than reverting to an anti-inflammatory phenotype after activation,
may maintain pro-inflammatory characteristics, being designated as disease-associated
microglia [34].

However, glial-mediated responses represent only part of the picture in terms of CNS
inflammation. Instead of the BBB representing a physical barrier separating peripheral
and glial immune responses, it is a dynamic, functional barrier that serves as an interface
between the two [36]. It is this inflammatory response within the CNS, orchestrated by
both glial cells and peripheral immune cells, that is referred to as neuroinflammation [26].

3. The Blood–Brain Barrier

The BBB, rather than being a physical barrier between the periphery and the CNS, is
a functional and selective barrier, helping to maintain an optimal microenvironment for
normal CNS function [36–38]. Under physiologic conditions, the BBB ensures constant
supply of nutrients (oxygen, glucose, and other substances) for brain cells, while also
shielding those cells from potentially toxic substances. The integrity of the BBB is a critical
factor in maintaining brain homeostasis. Part of that homeostatic role is the regulation of
immune and inflammatory responses. The BBB can guide inflammatory cells to respond to
changes in a local environment, while exaggerated inflammatory responses may correlate
with increased BBB permeability [38].

The BBB is composed of, and regulated by, complex interactions between a variety
cell types. At its core are the vascular endothelial cells (VECs) with their specialised tight
junctions which limit paracellular flow, enabling selective transcellular movement that
is dependent on specific transporters and receptors [31,39]. Surrounding the VECs is a
basement membrane along with astrocyte end-feet processes and pericytes. The astrocytic
end-feet, which are closely associated with the VECs, also express specific, polarised
transport molecules, including the water channel, aquaporin 4 (AQP4), which again play a
role in the regulation solute and fluid movement that is characteristic of the BBB [40]. The
astrocytes, through these end-foot processes, also provide a mechanism of communication
between neurons and VECs [38,41]. The pericytes, which are embedded in the basement
membrane of the cerebral vessels, have extensive contacts with the VECs, astrocyte end-feet,
as well as perivascular microglia, macrophages, and neurons [42,43]. They are uniquely
positioned, enabling them to integrate and coordinate signals from the neighboring cells in
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order to regulate blood–brain barrier permeability, promote angiogenesis, and promote
inflammatory responses. Together, all these elements represent the functional neurovascular
unit (NVU), a concept developed to encompass the anatomical and functional relationships
between brain cells, both neurons and glial cells, and the cerebrovasculature. The precise
relationship between these cells that constitute the NVU has been clearly detailed by a
number of authors [39,44].

The NVU is considered to exert control over such functions as cerebral blood flow
and immune responses [45]. The NVU is involved in neurovascular coupling, with the
glial cells and neurons regulating cerebral vessel calibre in response to metabolic activity,
enabling the matching of cerebral blood flow to neuronal activity [41,45]. Positioned
at the interface between the systemic circulation and brain parenchyma, the NVU can
monitor and respond to immune and inflammatory signals in both the systemic circulation
and the CNS [42]. The concept of the NVU serving as a functional immune interface
emphasises the range of cell types that may contribute to immune/inflammatory function
in the CNS. In terms of responding to systemic influences, neuroinflammation may occur
in response to systemic stimuli, such as sepsis [27]. Similarly, CNS pathologies may impact
on BBB function [31]. Specifically, the VECs of the cerebrovasculature mediate changes
in vascular permeability, as well as the expression and function of adhesion molecules,
allowing for leukocyte transmigration [46–48]. The pericytes, lying in close contact with
capillary endothelial cells, also have immunoregulatory functions which may enable the
integration of CNS and peripheral immune and inflammatory responses [43,49]. They play
an important role in maintaining BBB integrity, as well as controlling a number of aspects of
CNS immune responses, including leukocyte extravasation [42,49]. Other vessel-associated
immune cells include perivascular macrophages and vessel-associated microglia [29]. The
numerous microglia that perform immune surveillance within the environment of the NVU
are capable of producing a wide range of pro-inflammatory mediators that influence NVU
function, and with that, BBB integrity [50]. Similarly, astrocytes have the capacity to detect
pathogenic signals and respond by expressing pro-inflammatory mediators [27].

In terms of CNS inflammation, there appears to be a two-way relationship between
BBB dysfunction and neuroinflammation. Altered BBB function may serve as a precursor
for neuroinflammation, while neuroinflammation and altered NVU function, will impact
BBB permeability and function [42]. BBB dysfunction is implicated in some of the most
prevalent and significant neurological conditions, ranging from acute insults, such as
trauma, ischaemia, and infection, through to chronic and neurodegenerative conditions,
such as epilepsy, multiple sclerosis, Alzheimer’s and Parkinson’s disease [51]. Studies of
systemic circulation indicate that perivascular nerves may play a role in mediating vascular
inflammatory responses [52,53]. As a result, there was an interest in whether similar
mechanisms may be involved in regulating BBB integrity and central inflammation [54–56].

4. Perivascular Innervation and Neurogenic Inflammation

The systemic vasculature is innervated by the peripheral nervous system, encom-
passing both autonomic and sensory nerves. The perivascular sensory nerves include the
neuropeptide-containing nociceptive nerves, which release a range of neurotransmitters,
including the amino acid transmitter, glutamate, and the neuropeptides, SP and calcitonin
gene-related peptide (CGRP) [52]. They are also characterised by the expression of transient
receptor potential vanilloid 1 (TRPV1) ion channels [57]. The peptide neurotransmitters
are synthesised in the cell bodies of these neurons located in the dorsal root ganglia of the
spinal cord, from where they are transported both centrally, and peripherally to the free
nerve endings [58]. Activation of nociceptive nerves leads to peptide release from both
the central and peripheral nerve terminals, conferring these nerves with a sensory-motor
function involving local axon reflexes. The peripheral peptide release can provoke a potent
vasodilator effect mediated by CGRP, as well as SP-mediated plasma extravasation [59].
This motor response may underlie the cutaneous “flare” reaction seen following injury, as
well as hyperaemia and oedema in other tissues. It has been postulated that the sensory-
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motor function of these nerves could represent a mechanism to respond to tissue ischaemia,
but it may also have a broader role in initiating immune and inflammatory responses
following the detection of a noxious event [53,59].

Role of the NK1R in Neurogenic Inflammation

The term neurogenic inflammation is used to denote the role of sensory nerves in in-
flammatory responses [52,53]. There is considerable evidence to support SP and the NK1R
playing a key role in mediating the vascular changes associated with neurogenic inflam-
mation [60–62], as well as playing a broader role in the innate immune response [63–65].
SP increases vascular permeability and promotes oedema as a result of endothelial cell
retraction and the formation of gaps between cells [64,66,67]. The NK1-mediated effects
of SP on vascular endothelium appear to occur at the level of venules and capillaries [68].
SP also enhances leukocyte migration, through its effects on vascular and intracellular
adhesion molecules, as well as matrix metalloproteinase (MMP) secretion [69–71]. In addi-
tion to its direct vascular effects, SP can also activate mast cells, leading to the release of
other vasoactive mediators [72]. Mast cells have been shown to exist in close proximity to
SP-containing nerve terminals [73]. Indeed, the literature also supports a broader role for
SP in inflammation, such that SP is one of the earliest activators of NF κB in response to
injury, and can increase the secretion of other pro-inflammatory mediators, including inter-
leukin (IL)-1β, IL-6, and tumor necrosis factor-α (TNF-α), elaborating the inflammatory
response [63]. Beyond its neuronal expression, SP and the NK1R are expressed in a range
of immune cells, including T lymphocytes, macrophages, and eosinophils, suggesting the
potential for cross-talk between the immune and nervous systems [69,73,74]. For example,
both in vitro and in vivo studies suggest a role for SP in neutrophil migration and activation
at the site of inflammation [74].

The wealth of data supporting the role of perivascular sensory nerves, and in particular
SP, in modulating immune and iκlammatory responses in the periphery, subsequently drove
interest as to whether the same neuropeptides may be exerting a similar pro-iκlammatory
action within the CNS [55].

5. Distribution of SP and the NK1R in the CNS

The initial characterisation of SP’s biological activity focused on its actions in pe-
ripheral tissues. However, it was soon recognised that SP and the NK1R were also both
abundant and widespread within the CNS [11,75–77]. While some of that localisation, for
example, the dorsal horn of the spinal cord is consistent with SP being associated with
primary sensory nerve signaling, there is both anatomical and functional evidence that SP
is involved in other CNS pathways [78]. While the presence of SP has been demonstrated
in structures such as the cerebral cortex and cerebellum, more intense immunostaining has
been observed in regions such as the amygdala, locus ceruleus, and hypothalamus [79].
There is also a reasonable correlation between the distribution of SP and the neuronal
expression of the NK1R, with some of the highest levels of constitutive NK1R expression
being associated with the putamen and caudate nuclei, and the limbic system. There is, to
some extent, an anatomical mismatch in relation to the co-localisation of SP and NK1Rs
in the CNS, raising the suggestion that SP may be involved in non-synaptic signaling,
relying on local diffusion in the manner of an autocrine signal [80]. The high levels of
expression of SP and the NK1R in the limbic and reticular activating systems led to the
notion that SP may be involved in stress and emotional responses [81], which has been
validated in preclinical studies demonstrating that NK1R antagonists may exert anxiolytic
and antidepressant activity [82,83]. The potential for SP and the NK1R to play a role in
depression is of interest, given the recognition that inflammation is associated with the
development of depression [84]. However, the best clinical evidence to support the central
activity of SP is the effective antiemetic action of the NK1R antagonists [85,86], which
appears to correlate with the brainstem distribution of SP and the NK1R [87].
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Within the CNS, there is a significant and widespread distribution of the NK1R.
While some initial studies suggested that expression of the NK1R in the CNS was almost
exclusively neuronal, with distinct labeling of neuronal dendrites and soma [80], there
is strong evidence to suggest that it is also associated with non-neuronal cells, including
endothelial cells, astrocytes and microglia [88].

As mentioned previously, there are two main, naturally occurring isoforms of the
NK1R, the full-length and the truncated receptor [89]. In the study performed by Liu
and colleagues [80], the antibody used was directed against the carboxyl terminal of the
NK1 receptor, which would selectively label the full-length receptor isoform. This study
demonstrated the association of the full-length isoform with neurons [90]. Glial cells have
also been shown to express the full-length isoform [88]. However, there is evidence that the
truncated isoform of the receptor is also expressed in the CNS [91]. However, in terms of
constitutive expression, the long isoform appears to predominate in neurons and glial cells.
Nonetheless, it is worth being aware that pro-inflammatory states, or pathologies, could
influence the nature of NK1R expression [11,92]. In the periphery, the truncated NK1R
isoform has been shown to be associated with immune cells, such as macrophages and
lymphocytes. Importantly, in relation to this, this isoform requires higher SP concentrations
in order to generate responses [53,55], whilst, unlike the full-length receptor, stimulation
does not result in NFκB activation [14].

In terms of the neural regulation of vascular function, while there are similarities
between the innervation of the cerebrovascular and systemic circulations, there are also
clear distinctions. The superficial, or extracerebral vessels of the brain, are extrinsically
innervated, including those receiving sensory innervation by the trigeminal nerve [93].
Indeed, there is good evidence to support the involvement of these nerves in migraine,
with a particular focus on the role of CGRP [94]. However, the cerebrovasculature itself
is “intrinsically” innervated by the central neurons that contribute to the function of the
NVU [93]. Hence, for SP to be influencing the function of the cerebrovasculature and BBB, it
would either have to be of central origin, and influence the function of the NVU, or else be
in the circulation. The latter would rely on SP having a luminal influence on BBB integrity,
for which there is little supporting evidence [56,95–97].

While SP and the NK1R have not been explicitly documented as being associated with
the NVU, the expression of both the NK1R and SP in the cells that constitute the NVU has
been clearly demonstrated (Figure 1). In addition to the neuronal expression of the NK1R,
there is also constitutive and induced expression of NK1Rs associated with non-neuronal
cells linked to CNS immune function.
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explicitly shown to be associated with pericytes, their embryological origin makes this a possibility. 
Similarly, SP expression is associated with neurons involved in neurovascular coupling, as well as 
with the vascular endothelium and glial cells, including astrocytes and microglia. The potential role 
of NK1R-mediated activity in acute CNS inflammation is summarised. 
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lial permeability induced by pro-inflammatory mediators, such as TNF-α, as well as viral 
proteins [46,99]. In the same manner, NK1R antagonism can reduce the expression of en-
dothelial adhesion molecules, thereby reducing the recruitment of inflammatory cells and 
their transmigration into the brain [71]. In addition, an autocrine feedback mechanism 
may be associated with these SP-mediated changes in endothelial function. Pro-inflam-
matory cytokines, such as TNF-α and IL-1β, can stimulate the expression and release of 
SP from endothelial cells, which can in turn activate endothelial NK1Rs [46,100]. In addi-
tion, the expression of endothelial NK1Rs may also be influenced by an inflammatory 
state [92] which could establish a pro-inflammatory positive feedback mechanism. 

In terms of glial cells, NK1Rs have been shown to be constitutively expressed by as-
trocytes, including human astrocytes [88,101]. Whilst more contentious following early 
studies, there is now a growing body of evidence to support the involvement of the NK1R 
in the activation of microglia as well [88,92,102]. Stimulation of the NK1R results in the 
activation of NFκB and an elaboration of inflammatory mediators [103,104]. Importantly, 
since we are considering immune and inflammatory responses, it is the full-length isoform 
of the receptor that is expressed in these cells [88,89]. In terms of cytokine production by 
astrocytes, the selective NK1R antagonist, SR 140333, has been shown to inhibit SP-in-
duced cytokine production in cultured human astrocytes (U373MG cell line) [105]. How-
ever, a maximal pro-inflammatory response may rely on co-stimulation involving 
SP/NK1R activation together with the activity of other pro-inflammatory factors [102]. 

Figure 1. NK1R and SP expression in the cells associated with the NVU. NK1Rs have been shown to
be expressed in neurons, endothelial cells, astrocytes, and microglia. While NK1Rs have not been
explicitly shown to be associated with pericytes, their embryological origin makes this a possibility.
Similarly, SP expression is associated with neurons involved in neurovascular coupling, as well as
with the vascular endothelium and glial cells, including astrocytes and microglia. The potential role
of NK1R-mediated activity in acute CNS inflammation is summarised.

6. Non-Neuronal NK1 Receptor Activity in the CNS

As in the periphery, NK1Rs have been shown to be associated with the VECs of the
cerebrovasculature, and in particular with post-capillary venules [46,92,98]. Through the
use of selective NK1R antagonists, SP has been shown to mediate the increased endothelial
permeability induced by pro-inflammatory mediators, such as TNF-α, as well as viral
proteins [46,99]. In the same manner, NK1R antagonism can reduce the expression of
endothelial adhesion molecules, thereby reducing the recruitment of inflammatory cells and
their transmigration into the brain [71]. In addition, an autocrine feedback mechanism may
be associated with these SP-mediated changes in endothelial function. Pro-inflammatory
cytokines, such as TNF-α and IL-1β, can stimulate the expression and release of SP from
endothelial cells, which can in turn activate endothelial NK1Rs [46,100]. In addition, the
expression of endothelial NK1Rs may also be influenced by an inflammatory state [92]
which could establish a pro-inflammatory positive feedback mechanism.

In terms of glial cells, NK1Rs have been shown to be constitutively expressed by
astrocytes, including human astrocytes [88,101]. Whilst more contentious following early
studies, there is now a growing body of evidence to support the involvement of the NK1R
in the activation of microglia as well [88,92,102]. Stimulation of the NK1R results in the
activation of NFκB and an elaboration of inflammatory mediators [103,104]. Importantly,
since we are considering immune and inflammatory responses, it is the full-length isoform
of the receptor that is expressed in these cells [88,89]. In terms of cytokine production by
astrocytes, the selective NK1R antagonist, SR 140333, has been shown to inhibit SP-induced
cytokine production in cultured human astrocytes (U373MG cell line) [105]. However,
a maximal pro-inflammatory response may rely on co-stimulation involving SP/NK1R
activation together with the activity of other pro-inflammatory factors [102].

Although we are primarily concerned with the potential role of SP and the NK1R
in promoting neuroinflammation, there is evidence that SP-containing interneurons can
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play a role in normal neurovascular coupling [106,107]. This would suggest that SP and
the NK1R can contribute to the NVU function. However, it is the association of the NK1R
with the cells that maintain and control BBB function that is of interest in terms of the
potential to ameliorate both vasogenic oedema and neuroinflammatory responses [46].
While the intravenous administration of capsaicin and activation of TRPV1 were shown
to affect vascular permeability in meningeal, but not cerebral vessels [95], activation of
TRPV1 associated with the cerebral microvasculature does increase vessel permeability via
SP [56]. TRPV1 has also been shown to play a role in BBB disruption following ischaemia-
reperfusion injury [56]. The NK1R also has the potential to generate a significant positive
feedback cycle in relation to neuroinflammation. The NK1R has been shown to not only
activate resident glial cells but also stimulate infiltrating leukocytes, recruited through
BBB disruption, in the same manner. SP-mediated activation of NF-κB will lead to the
elaboration of inflammatory mediators, such as IL-1β [103,104]. In turn, this can lead to
the upregulation of SP and NK1R expression [108,109], initiating a positive feedback cycle.
Based on these observations, the NK1R appears to represent an important novel target for
managing acute neuroinflammatory responses in the CNS. Indeed, there is a growing list
of neuropathologies where there is evidence of a beneficial action of NK-1R antagonists
(Table 1).

It is also worth noting that a substantial number of in vivo studies examining the
role of SP and the NK1R have used N-acetyl-L-tryptophan (NAT) as an agent with as-
sumed NK1R antagonist activity, primarily based on the reported activities of analogues
of L-tryptophan [110]. Specific NK1R binding of NAT has not been characterised, and
a recent publication has demonstrated a lack of NK1R binding by NAT [111]. However,
an in silico screening assay for NK1R antagonist activity predicted that NAT would have
favourable binding characteristics [112]. In line with the concerns raised by Matalinska
and Lipinski [111], it is appropriate that further studies investigating the role of NK1R in
neuropathologies should utilise selective NK1R antagonists. That said, there have also
been in vivo studies where positive neuroprotective outcomes assigned to the supposed
NK1-mediated action of NAT have subsequently been fully replicated with highly selective
NK1 antagonists [113–117].
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Table 1. In vivo and cellular models where selective NK1R antagonists or NAT have been shown to ameliorate neuroinflammation and its associated consequences.

CNS Pathology Model Drug Mechanism of Action Reference

Ischaemic Stroke

Rat—internal carotid A SR140333 Selective NK1 antagonist Yu et al. [118]
Rat—transient middle cerebral (tMC) NAT ? NK1 antagonist? * Turner et al. [116]
Rat—tMC + tPA NAT ? NK1 antagonist? * Turner et al. [119]
Sheep—tMC EU-C-001 Selective NK1 antagonist Sorby-Adams et al. [115]
Rat—bilateral common carotid Aprepitant Selective NK1 antagonist Kaur et al. [120]

Traumatic Brain Injury

Rat—diffuse axonal injury Capsaicin TRPV1 agonist Nimmo et al. [54]
Rat—diffuse axonal injury NAT ? NK1 antagonist? * Donkin et al. [113]
Rat—diffuse axonal injury EU-C-001 Selective NK1 antagonist Hoffmann et al. [114]
Rat—Blast injury and CTE EU-C-001 Selective NK1 antagonist Corrigan et al. [121]
Mouse—Cortical impact L-733,060 Selective NK1 antagonist Li et al. [122]
Sheep—Diffuse axonal injury NAT ? NK1 antagonist? * Vink et al. [123,124]

Hematoma Mouse—intracerebral hemorrhage Aprepitant Selective NK1 antagonist Jin et al. [125]

Spinal Cord Injury Rat—contusion/compression SCI EU-C-001 Selective NK1 antagonist Zheng et al. [126]
Rat—Autonomic dysreflexia SCI GR205171 Selective NK1 antagonist Rupniak et al. [127]

Bacterial Infection
Mouse—N. meningitidis and B. burgdorferi L 703,606 Selective NK1 antagonist Chauhan et al. [102]
Mouse—S. pneumoniae L 703,606 Selective NK1 antagonist Chauhan et al. [128]
Primary mouse microglia—B. burgdorferi L 703,606 Selective NK1 antagonist Rasley et al. [129]

Viral Infection

Human mononuclear phagocytes—HIV CP-96,345 Selective NK1 antagonist Lai et al. [130]
Microglia/macrophages—HIV Aprepitant Selective NK1 antagonist Wang et al. [131]
Peripheral blood monocytes—HIV Aprepitant Selective NK1 antagonist Manak et al. [132]
Mouse—WNV neuroinvasive disease Ro 67,5930 Selective NK1 antagonist Ronca et al. [133]

Parasitic Infection Mouse—Trypanosoma brucei brucei RP 67,580 Selective NK1 antagonist Kennedy et al. [134]

* As discussed, the precise mechanism of action of NAT remains to be determined.
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7. NK1R and SP Activity in Models of Acute CNS Inflammation

Acute CNS inflammation is associated with infection (bacterial, viral & parasitic), as
well as autoimmune reactions, trauma, and ischaemia [11,21]. Although there are significant
differences in relation to the primary insult, there is a broad evidence base to support the
role of the NK1R in the associated inflammatory response, as well as the potential benefit
of antagonising the receptor [8]. Another common factor across these diverse conditions is,
following the insult, there is a common pattern of increased expression of SP and the NK1R,
which could fuel that cycle of inflammation [118,133,135]. Interestingly, in a murine model
of West Nile neuroinvasive disease, there was a positive correlation between SP levels and
mortality [133].

7.1. Stroke

In a similar vein, data from stroke patients has shown that there is a significant increase
in serum SP levels following cerebral ischaemia [136]. One of the earliest reports of NK1R
antagonists having a neuroprotective action was in a rat model of cerebral ischaemia [118].
The selective antagonist, SR140333, was shown to reduce infarct volume and improve
functional outcomes. This valuable observation has been replicated by multiple groups
using different models. Turner and colleagues, using NAT in a rodent model of transient
middle cerebral artery occlusion, demonstrated the potential to restore BBB integrity and
reduce cerebral oedema, as well as significantly reduce functional deficits [116]. In a
similar study, they also demonstrated that NAT was able to ameliorate tissue plasminogen
activator-induced BBB dysfunction, in both naïve and stroke animals [119]. While there
are concerns about inferring a selective mode of action to NAT, Turner, and colleagues
also demonstrated the ability of a highly selective NK1 antagonist (EU-C-001) to reduce
post-stroke cerebral oedema and raised intracranial pressure (ICP) in their ovine model of
stroke [115,137]. SP release associated with ischaemia and reperfusion, and the associated
neurogenic inflammation, are considered to be involved in the pathogenesis of vascular
dementia. Kaur and colleagues, using a rodent model of bilateral common carotid artery
occlusion, have demonstrated the ability of the selective antagonist, aprepitant, to reduce
the ischaemia-induced cerebrovasculature dysfunction [120].

7.2. Traumatic Brain Injury

In terms of traumatic brain injury (TBI), neuroinflammation is a significant secondary
injury mechanism following the primary insult, and it is linked to the development of
complications such as cerebral oedema and raised ICP [138–140]. Given the clinical need
to better control cerebral oedema and raised ICP, there was an interest to see whether
inflammatory neuropeptides, particularly the NK1-R, may represent an effective target to
manage inflammation and oedema [55]. In an initial study, using capsaicin as a pre-injury
treatment to produce neuropeptide depletion in a rodent model of TBI, there was a signifi-
cant reduction in post-traumatic BBB dysfunction and oedema formation, together with a
significant decrease in the motor and cognitive deficits associated with injury [54]. From
this initial observation, intravenously administered NAT was used in order to see whether
this protective effect could be achieved using a post-injury treatment [113]. Administration
of NAT 30 min after trauma significantly attenuated vascular permeability and edema
formation, as well as improved both motor and cognitive neurologic outcomes. While a
question mark remains around the mechanism of action of NAT, these results were fully
replicated when a highly selective NK1 antagonist was administered in the same manner
and model [114,117]. Indeed, there is evidence that a selective NK1 antagonist may exert
a broader neuroprotectant effect than NAT. Studies on blast injury and chronic traumatic
encephalopathy have shown that, in contrast to NAT, an NK1 antagonist can attenuate the
injury-induced phosphorylation of tau by modulating the activity of several key kinases
including Akt, ERK1/2, and JNK [121]. Li and colleagues have also shown that a selective
NK1 antagonist, as well as SP deletion, can exert a neuroprotective effect in a murine model
of TBI [122]. The use of a large animal model of severe TBI has demonstrated the ability of
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an NK1 antagonist to control raised ICP and the associated reduction in brain tissue oxygen
levels [123]. A selective NK1R antagonist, EU-C-001, is currently in a multi-national Phase
2 clinical trial for TBI (ACTRN 12619000074190) [114].

7.3. Intracerebral Hemorrhage

Hematoma clearance is an important therapeutic target to improve outcomes follow-
ing intracerebral hemorrhage (ICH). Jin and colleagues examined the potential value of
NK1R antagonism on hematoma clearance in a mouse model of ICH (autologous blood
injection) [125]. They observed that the expression of both SP and the NK1R and SP were
significantly upregulated after ICH, while an intraperitoneal injection of the selective an-
tagonist, aprepitant, significantly improved functional outcomes and reduced hematoma
volume. In terms of neuroinflammation, the antagonist treatment promoted microglia
polarisation towards the anti-inflammatory state by decreasing the levels of phosphorylated
PKC, p38MAPK, and NFκB [125].

7.4. Spinal Cord Injury

Like TBI, acute inflammation is also associated with traumatic spinal cord injuries [141],
and there is evidence for the involvement of SP and NK1R [142]. Although a study using
systemic i.v. administration of NAT did not demonstrate any significant benefit [143],
a recent study using continuous subdural infusion of a selective NK1 antagonist, did
exhibit some reduction in neuroinflammation together with some positive functional
outcomes [126]. In addition, it has been shown that the NK1R antagonist, GR205171, is able
to alleviate autonomic dysreflexia in a rodent model of severe spinal cord injury [127].

7.5. Bacterial Infections

Acute neuroinflammation is also associated with CNS infections. Infections can lead
to inflammation of both the meningeal membranes (meningitis) and parenchyma of the
brain (encephalitis) and spinal cord (myelitis) [144]. Bacterial infections of the CNS are
of significant clinical concern and are associated with the proliferation of resident glial
cells, as well as the recruitment of peripheral leukocytes to the site of infection. Using
murine models of bacterial infection, the use of a selective NK1R antagonist (L703,606),
as well as using NK1R deficient mice, provided evidence for the role of the NK1R in
altered BBB function and promotion of neuroinflammation [102,128]. Antagonism of the
NK1R reduced the proliferation of pro-inflammatory cytokines, as well as a decrease in
the severity of the disease. These beneficial effects were demonstrated against a range
of clinically relevant infectious agents, including Streptococcus pneumoniae and Neisseria
meningitidis. These studies also demonstrated that the NK1R was involved in bacterial-
induced demyelination [128]. Infection was also associated with increased expression of the
NK1R on microglia and astrocytes, while SP was shown to have a broad pro-inflammatory
action [102,129].

7.6. Viral Infections

A similar picture of neuroinflammation is associated with viral infections. In terms
of CNS inflammation associated with human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV) infection, perivascular macrophages are potentially the first
cells infected in the CNS [135]. Studies of the brains of SIV-infected macaque monkeys
have shown that there is an intense expression of SP and NK1R in SIV-infected cells and
encephalitic lesions [135]. In addition, HIV infection has been associated with increased
serum levels of SP and a similar picture is seen with SIV infection in monkeys [135,145,146].
Positive correlations between SP levels and viral load have suggested that the peptide
may play a role in facilitating viral replication [132,147], potentially by increasing the
expression of the receptors (e.g., CCR5) required for uptake of the virus. There is evidence
that SP, acting via the NK1R, can enhance HIV infection [148], while the NK1 antagonist,
aprepitant, may potentially exert anti-HIV activity, and help prevent infection in microglia
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and macrophages [131]. Aprepitant may also produce synergistically beneficial effects when
used in combination with other antiretrovirals [132]. Another virus with neuroinvasive
potential is the West Nile virus. Those who develop neuroinvasive disease (WNND) will
present with meningitis and encephalitis. In cases of encephalitis, pathology of brain
tissue reveals inflammation, which is mostly mononuclear, with formed microglial nodules
and perivascular clusters in both white and gray matter. In a mouse model of MNV
infection, Ronca and colleagues showed that SP was significantly upregulated in the brain
during infection, which correlated with neuroinvasion and BBB dysfunction [133]. Blocking
the NK1R with a selective antagonist at disease onset modestly improved survival and
prolonged time to death. Unlike HIV infection, the results indicated that SP does not appear
to play a role in viral replication, but rather may mediate the immune response to infection.

7.7. Parasitic Infections

Finally, there is also evidence that the NK1R contributes to neuroinflammation in
response to parasitic infection. Cysticercosis is a parasitic infection associated with the
pork tapeworm, Taenia solium. If larval cysts infect the brain, this is referred to as neu-
rocysticercosis. Dying parasites trigger a granulomatous response, which is associated
with the development of seizures. SP-positive cells are observed as in association with
these granulomas, both in human biopsies and animal models [149]. There is evidence that
SP and the NK1R are associated with seizure activity, granuloma development, and the
cytokine response associated with granuloma formation [150,151]. SP and the NK1R have
been associated with other parasitic infections that lead to CNS involvement, including
the Trypanosoma brucei brucei infection associated with sleeping sickness. Trypanosoma
infection is associated with a severe neuroinflammatory reaction and peripheral inflam-
matory infiltration. In a mouse model of Trypanosoma infection, which exhibited severe
meningoencephalitis, the selective NK1R antagonist, RP-67,580, was shown to significantly
reduce the inflammatory response and reactive astrogliosis [134].

8. The Dual Role of the NK1R in Inflammation

As discussed, inflammation represents a double-edged sword, with both beneficial
and detrimental aspects. The host immune response is central to dealing with infection,
and there is significant evidence to support the role of the NK1R in the host response to
infection, viral, bacterial, and parasitic [147,152,153]. SP and the NK1R exert an immune-
protective role at mucosal barriers, contributing to the host response to a diverse range
of infections [154]. In a mouse model of herpes virus infection, increased expression of
the NK1R was found to correlate to decreased viral load when compared to mice who
were NK1R-deficient [152]. Similarly, in relation to salmonella bacterial infection, it was
shown that NK1R antagonism was associated with increased bacterial load in response to
infection [155]. This reduced host response is also observed in parasitic infections, with
mice treated with an NK1R antagonist showing limited granuloma formation in response
to infection with Schistosoma mansoni [154]. However, as we have seen, the NK1R can
also contribute to the pathogenesis of infection, particularly the destructive inflammatory
response [147], so both aspects need to be considered in relation to the potential application
of NK1R antagonists.

While the NK1R plays a role in some of the positive aspects of the acute inflammatory
response, there is also growing evidence that it may contribute to the negative aspects of
neuroinflammation, particularly when considering the significant inflammatory responses
associated with events like TBI and stroke [8,115,121]. As such, NK1R antagonists may
have a potential role in ameliorating acute neuroinflammation. Such an action may not
only help to manage acute issues, such as cerebral oedema and raised intracranial pres-
sure [115], but, with timely intervention, may also help to prevent the progression to chronic
neuroinflammation and neurodegeneration [23,156].

Neuroinflammation involves both the glial-mediated inflammatory response, along
with the transmigration of peripheral leukocytes into the CNS, and the NK1R may con-
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tribute to both aspects [26]. The glial response involves the elaboration of a range of key
pro-inflammatory mediators, including IL-1β, IL-6, and TNFα [157]. The NK1R has been
shown to be present in both astrocytes and microglia, and stimulation of the receptor can
lead to the expression and release of pro-inflammatory mediators [88,105]. In terms of
NK1R signal transduction, proinflammatory action is primarily associated with the MAPK
pathway and activation of NFκB [10,63,158]. The NK1R can also activate the phospholipase
pathway, leading to the generation of eicosanoids [159]. It has also been shown in a diverse
range of CNS pathologies, ranging from infection to stroke and trauma, that the initial
stimulus can lead to an upregulation of both NK1R and SP expression, which can further
drive a pro-inflammatory cycle [88,92,133].

In addition, the NK1R may also be involved in the transmigration of peripheral leuko-
cytes into the CNS. NK1Rs are associated with the vascular endothelium, and activation can
lead to increased vascular permeability [46,99]. Stimulation of the endothelial NK1R, via
activation of NFB, may increase the expression of vascular adhesion molecules, including
ICAM and VCAM, which then facilitates leukocyte adhesion and infiltration [10,69,71,160].
In relation to this, SP and the NK1R may also be involved in a cytokine-stimulated autocrine
feedback mechanism which may impact BBB function in response to inflammation [55,100].
Cytokines may stimulate VECs to increase NK1R expression and SP release, which further
drives that vascular-mediated inflammatory response [100].

9. Concluding Remarks

The NK1R has been shown to play a key role in neurogenic inflammation in the
periphery, and there is growing evidence to suggest that it may play a similar role in acute
neuroinflammatory responses [8]. In terms of neuroinflammation, the NK1R may not
only be involved in activating the resident immune cells in the CNS, such as astrocytes
and microglia [88] but may also facilitate the entry of peripheral immune cells into the
CNS [71]. The NK1R on cerebrovascular endothelium may also be responsible for the
development of cerebral oedema and raised intracranial pressure [123]. As such, NK1R
antagonists may have a potential role in ameliorating acute neuroinflammation. Severe
acute neuroinflammation is associated with significant mortality and morbidity in a range
of clinical situations including CNS trauma, ischaemia, and infection. Given the availability
of safe, effective antagonists of the NK1R, there is the potential for expedited clinical
translation of these agents [86]. There have been multiple in vivo studies to support the
potential beneficial effects of NK1R antagonists in TBI and stroke [113,115,116,118]. Whilst
some of these studies did utilise NAT as a proposed NK1R antagonist, the results have
been fully replicated using highly potent and selective agents. Indeed, these agents may
exhibit more benefits than initially exhibited by NAT [121,126].

There is also evidence that NK1R antagonists can help ameliorate severe neuroinflam-
mation associated with CNS infection, be it viral, bacterial, or parasitic [102,133,151], as
well as decrease viral load [130]. However, the double-edged sword nature of inflammation
is apparent with the NK1R’s role in infection, as it may also contribute to the host immune
response against infection [154]. Hence, the application of NK1R antagonists to manage
infection needs to be carefully considered. However, in summary, there is significant
foundational evidence to support the wider use of NK1R antagonists in the clinic.
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